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Abstract 
In this paper we take into account the concept of conversion efficiency by exploring Multi-Fuel (MF) energy systems. A MF 
system can be defined as a system with various fuel energy input and useful product output. The difficult task in defining a 
performance index for MF systems consists in quantifying the contribution of each input fuel to the total output energy. 
This paper intends to make few proposals and start a discussion that would be helpful to assess the MF system performance.  
The conventional first law efficiency, normally used to assess performance of Single-Fuel (SF) system, can be applied but it 
provides incomplete information for a MF system. The electric equivalent efficiency, the relative and overall MF synergy index 
concepts are introduced as most significant performance indexes; these new performance indexes are presented with the aim to 
evaluate the MF performance compared to reference SF scenarios. Proposed performance indexes are analyzed, discussed and 
compared from a general point of view, identifying aspects of relation and main differences. The introduced conversion 
efficiency indexes are applied and discussed to a specific co-combustion power plant case. The influence of the reference 
scenarios, as it is highlighted in the paper, results of key importance. The evaluation of the proposed indexes is of relevant 
interest with the goal of formulating a specific and unified theory about MF power energy systems. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ATI NAZIONALE. 
Keywords:Efficiency; Multi-Fuel Energy System; Performance Indexes; Comparative Evaluation; Output Alocation. 
1. Introduction 
A trend towards energy supply diversification, based on an energy infrastructure for which the feedstock supply 
no longer depends on a single fuel or network, is needed to prevent reliability reductions in the provided output 
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energy, that may occur in a market-orientated system. In addition, supply diversification provides more degrees of 
freedom for selecting the supply source, also taking into account availability of storage from various sources [1]. 
Diversification of energy feedstock can also have as a consequence the push towards Multi Fuel (MF) energy 
systems, using different fuels in the same power plant. Another reason which makes the study of particular relevance 
and up-to-date interest is the increasing reduction of primary fossil fuels resources. Due to fossil fuel sources 
depletion and the contextual increase of renewable sources [2,3], MF energy systems are becoming attractive and 
their penetration is increasing in the energy market [4,5], especially within external combustion energy systems [6-
9]. For example, MF energy systems based on co-firing of a fossil fuel together with a limited fraction of renewable 
or waste derived fuel, can be a strategy to use a conventional power plant introducing only modifications in the 
combustion section and/or limited challenges in the boiler re-design [10]. Moreover, MF conditions can be realized 
also in renewable based [11] or Waste-To-Energy” (WTE) [12-14] power plants, which nevertheless need 
conventional fuels in more or less limited periods of their operation. 
In a Single-Fuel (SF) energy system, where input fuel energy is converted into useful output energy, the 
evaluation of conversion efficiency is a simple issue resulting from the comparison between the generated output 
and the introduced input. By-products of the conversion process, such as discharged heat, are disregarded and/or 
treated as waste. For MF energy systems a standardized performance index, able to evaluate both (i) the overall 
conversion efficiency of the input into the total output, and (ii) the relative influence on performance of the single 
input, is still under research. The most problematic aspect concerning MF systems conversion efficiency is that 
different fuels with different characteristics and value are all contributing to the generation of the overall system 
energy output. For this reason it is hard to measure each input contribution to the global output. The problem of fuel 
valorisation can become very useful from a practical point of view, e.g. when one of the input fuels of a MF power 
plant is renewable and one other not, and therefore it is important to understand which fraction of the output can be 
recognized as “clean”, and subsequently undergoes to incentives or special tariff regimes. A further problem can 
arise when the integration between two or more fuels (e.g., one renewable and another natural gas) is accomplished 
in a plant that, due to the MF arrangement, cannot achieve the combined cycle state of the art efficiency values close 
to 60%. In this case, the arising question can be: “Is the integrated MF arrangement energetically convenient?”. 
More in general, from a theoretical point of view, it should be useful to identify comparison indexes, representing 
“best” or “reference” or at least theoretical limiting efficiency values, in order to stimulate the technical development 
towards significant improvements in the MF plants. In this paper, which starts to put some new definitions forward, 
conversion efficiency of a MF energy system is discussed from different points of view. Absolute and comparative 
performance indexes are presented, in order to evaluate and compare conversion efficiency of a MF system, with 
respect to SF systems fed with the same amount of input energy. Eventually, examples of MF systems are presented 
to clarify their potential advantages in comparison with SF separate systems. Moreover, the analyzed cases show 
how the selection of the reference SF scenario can affect the convenience of the MF solutions. 
2. Performance evaluation of a MF energy system  
The complexity of the issues related to MF energy systems calls for synthetic indicators to characterize and define 
the energy performance of the system. In particular, the approach proposed in this paper considers the energy system 
as a black-box. Using this black-box approach, it is possible to build an equivalent performance model, on the basis 
of the only input–output energy flows, without considering the detailed representation of the internal components.  
For notation purposes, the various energy entries are calculated over a given time span (for instance, hourly, daily, 
annual) depending on the purpose of the study. Moreover, the discussion presented here is restricted to energy 
systems in which flows are steady. 
2.1 MF Energy System arrangement 
A general MF energy system is shown in Fig. 1 as a black box, fed by n fuel inputs (Fi is the i-th associated 
energy), producing an useful electric energy output (E) and rejecting a non-useful heat ( nuQ ). Moreover, in the 
framework of a general purpose approach, heat exchanges between the MF system and the external ambient or with 
other systems are taken into account in this study. Indeed, as schematically shown in Fig. 1, both input and output 
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heats are considered. In particular, the system can receive additional input heat ( inQ ) and it can deliver useful 
recoverable heat ( recQ ). The control surface, surrounding the MF energy system, can be applied to single 
components constituting the power plant or to the whole system, to evaluate respectively the sub-system and/or the 
overall energy system conversion efficiency. The energy system input Fi can be multiple and different type of 
sources as: (i) primary fuels, directly available in nature (e.g. natural gas, coal, oil, biomass, etc.); (ii) non-primary 
fuels, energetically expensive, not directly available in nature (e.g. H2, syngas, methanol, etc. ). More in details, in 
case of primary fuels, the  expression of Fi is the following one: 
 
iii LHVmF             (1) 
 
where, for each input source, im  represents the fuel mass flow and LHVi represents the Lower Heating Value per 
unit of mass flow at the ambient temperature ( 0T ) at which the i-th reactant enters. For non-primary fuel input cases, 
the term Fi represents the primary fuel energy ideally necessary to produce the actual input. In case of high 
temperature input streams, the relating enthalpy content is accounted by the term inQ . 
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Fig. 1 Basic Multi-Fuel energy system. 
2.2 Indexes for MF energy system performance evaluation 
In order to account the efficiency of a MF energy system, different performance indicators can be used, as 
described below.  
2.2.1 First law efficiency 
As a result of thermodynamics laws, by comparing useful output and input energies, the following index can be 
introduced: 
 
1st  law efficiency: ¦
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According to this definition, the output useful heat has the same importance of the electric output. This definition 
can be misleading, as it does not consider the actual value of heat at different temperature levels. 
2.2.2 Electric Equivalent efficiency 
In order to consider the quality of the input and output useful heat, including their contribution in the products, 
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the electric equivalent of heat H  must be considered. Thus, in the proposed Electric Equivalent efficiency definition, 
the useful heat contribution is expressed as  recrec Q H , while, with the same methodology, the inlet heat 
contribution can be expressed as  inin Q H  and considered as a negative electric equivalent term; recH  and inH  are 
the electric equivalent conversion factors of the heat terms, which depend on the temperature of the heat exchanging 
process. Therefore, MF performance can be evaluated with the following definition: 
 
Electric equivalent efficiency:  
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where U represents, with a compact notation, the total useful electric output, thus including the equivalent heat 
contributions. Different possibilities can be chosen in order to quantify the value of H  for each heat contribution, 
considering that the upper theoretical limit to H is represented by the Carnot efficiency ( CK ). Fig. 2 shows the trend 
of H  versus temperature level TQ of the heat source, for different existing and innovative energy conversion systems, 
namely combined cycles with two-pressure level arrangement (CC 2LP), combined cycles with one-pressure level 
arrangement (CC 1LP), Organic Rankine Cycles (ORC) with MDM as working fluid [7], Stirling engines and 
Inverted Brayton cycles (IBC) [6], while ClmK  is the efficiency of an ideal reversible recuperation cycle with limited 
capacity of the heat source†. 
2.2.3  Relative Synergy Index 
A different approach that can be used to measure the MF system performance, consists in quantifying 
improvements obtained with the MF integrated system in comparison with separate exploitation of the various fuel 
inputs. Thus, a comparative energy conversion scenario must be taken into account. This approach is clearly 
described in Fig. 3, where the MF energy system (Fig. 3 (a)) and the comparative scenario (Fig. 3 (b)) are presented. 
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Fig. 2. H as function of temperature for different heat recovery 
systems. 
Fig. 3 Multi-Fuel (a) vs Single-Fuel (b) energy systems. 
 
† made up of an isobaric heat absorption, an isentropic expansion and an isothermal compression; during the process of heat exchange, the hot 
source temperature decreases from TQ to T0. 
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The improvement of the integrated MF configuration, in comparison with separated and SF ones, is evaluated 
being equal all of the i-th fuel energy input. A comparative index, named Relative Synergy of the i-th source SIi, is 
here introduced. This index tries to express the benefit of the i-th fuel, in the MF integrated plant, by excluding the 
effects of all the other fuels, using the reference scenario to measure their useful output. In order to quantify the 
contribution of the i-th source, the idea is to subtract from the total MF output  U  the output of all the reference SF 
systems (USF,j in Fig. 3) except the i-th: ¦ z n ijj jSFU,1 , . This quantity allows to calculate SIi as:  
Relative Synergy Index: 
i
n
ijj jSF
F
UU
iSI
¦ z  ,1 ,        (4) 
 
To evaluate the output produced with a SF system USF,j, it is necessary to identify the specific SF reference 
system and in particular the characteristics in terms of conversion efficiency. Thus, the generic USF,j can be 
expressed as: 
 
jj,SFj,SF FU  K            (5) 
 
where j,SFK  represents the generic j-th SF system conversion efficiency. Therefore, equation (4) can be rewritten as: 
 
 
i
n
ijj jjSF
F
FU
iSI
¦ z  ,1 ,K            (6) 
 
The selection of an appropriate value of each j,SFK  can severely affect advantages or disadvantages of the 
integrated system, as it will be better shown by numerical example. Several possibilities to estimate the reference 
efficiency can be considered; for example the “BAT Reference Document” (BREF) [15] can be used: for some of 
the most common fuels, the reference efficiencies are reported in [15] (Table 1), as function of the combustion 
technology or, as function of the plant type. 
 
 
Table 1 Efficiency associated with BAT for different fuel as function of the combustion technique [15]. 
Fuel Combustion Technique 
SFK [%] 
New plants Existing plants 
Coal 
Pulverized Combustion 43-47 
35-40 Fluidized bed > 41 
Pressurized fluidized bed combustion > 42 
Biomass 
Grate firing 20 
- Spreader-soker > 23 
Fluidized bed combustion > 28-30 
Lignite 
Pulverized Combustion 42-45 
35-40 Fluidized bed >40 
Pressurized fluidized bed combustion >42 
Peat Fluidized bed combustion > 28-30 - 
Plant type SFK [%] 
New plants Existing plants 
Gas turbine 36-40 32-35 
Gas engine 38-45 - 
Gas-fired boiler 40-42 38-40 
CC with or w/o supplementary firing (HRSG) for electricity generation  54-58 50-54 
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2.2.4 MF Synergy Index 
To evaluate the overall MF system performance, giving information about the synergy effect of all the input fuels 
in comparison with the SF systems of Fig. 3, the following index is also introduced: 
 
MF Synergy Index:  
¦
¦
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Evidently, when 0!SI  the integrated MF energy system is better than the sum of the SF ones: the synergy effect 
due to the configuration of the plant and the contextual fuels exploitation increases the useful output in comparison 
with the overall output of the SF reference scenario. Otherwise, when 0dSI  the integrated configuration is equal or 
worse than the collection of separate and SF systems.  
The SI evaluates, differently from the relative Synergy Index,  the overall benefit of the exploitation of all the 
input streams inside the integrated system, even if it is difficult to highlight and quantify the contribution of each 
single fuel source in terms of useful energy output. Nevertheless, it is possible to correlate both SI and EEK  to the 
ensemble of SIi, according to the following equations: 
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where ¦
 
 
n
i
iii FFx
1
 represents a fuel input weighting factor of the i-th relative Synergy Index. 
It must be noticed that, due to SIi definition, in case of 0!SI  (i.e., ¦
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) the following inequality 
occurs: 
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which means that, in this case, the sum of the energies associated to the various SIi is higher than the sum of the 
output energies of the SF reference scenario. 
 
2.3 Useful Output Allocation to each of the i-th fuel  
Beside the issue of conversion efficiency assessment for a MF energy system, another aspect to be solved with 
practical implications is: which is the contribution  iU  of each fuel input to the total output  U ? How can it be 
properly quantified? Different approaches can used to allocate output energy to the different fuels. 
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Allocation Approach #1 
The first proposed approach for output allocation to fuel inputs consists in using the following equation: 
 
iEEn
i
i
i
i F
F
FUU   
¦
K           (11) 
 
Thus, according to this approach, each iU  is simply proportional to the i-th fuel input. As it will be better shown in 
the numerical example, this approach can be misleading when input fuels have different characteristics and value, 
because, using eq. (11), all fuels have the same weighting factor (namely EEK ). 
 
Allocation Approach #2 
An alternative evaluation method is here proposed, with the aim to take into account the actual conversion 
efficiency gain of each fuel in comparison with the SF reference scenario; the new allocation formula is:   
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According to this definition, each fuel input is weighted via the corresponding SIi term. In this way, the input fuel 
with higher conversion efficiency in comparison with the SF reference scenario (i.e. higher SIi) is recognized with a 
higher contribution to the global output. Thus, this methods privileges fuels which are better exploited in the MF 
system in comparison with the SF scenario, while Approach #1 does not include such reference to the SF scenario. 
The various introduced efficiency definitions and allocation approaches can be applied, in order to obtain useful 
information on the system convenience, under various operating conditions, or to compare different plant design 
arrangements. An application case is presented in the following paragraph. 
 
3.  Application case example: two-fuel co-combustion power plant  
A specific case, in which the above described general methodology for MF systems performance evaluation can 
be applied, is the simple case of co-combustion of two different fuels in a generic power plant. The scheme of the 
system is shown in Fig. 4 (a), where 1F  and 2F  are the fuel input energy values. In this case, the reference separate 
energy systems, exploiting the same two input fuels, are considered, as shown in Fig. 4 (b).  
 
CO-COMBUSTION
POWER PLANT
SF,1
ηSF,1
ESF,1F1
SF,2
ηSF,2
ESF,2F2
E
F1
F2
 
Fig. 4 Two-fuel co-combustion power plant (a) vs separate combustion energy systems (b). 
 
In particular, the co-combustion power plant produces the useful electric output E , while the two separate 
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reference SF systems produce respectively 1,SFE  and 2,SFE . In this co-combustion case, the first law efficiency (also 
coincident with EEK ) according to equation (2), is: 
 
21 FF
E
I  K            (13) 
 
The MF Synergy Index, evaluated in comparison with the reference scenario, according to equation (7), is: 
   2,1, 2,1, SFSF SFSF EE
EEE
SI 
           (14) 
 
Finally, the relative Synergy Indexes referred to the two separate fuel inputs, according to equation (6), are: 
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where 1,SFK  and 2,SFK  are the efficiency of the two reference SF separate plants. In order to obtain a global energy 
benefit from the co-combustion, the condition 0!SI  leads to:  
  21 ,SF,SF EEE !           (17) 
 
This condition can be rearranged as a function of the co-combustion first law efficiency and of the relative 
Synergy Indexes of the two reference SF systems: 
     02211 ! ,SFI,SFI FF KKKK          (18) 
 
which is first of all verified when 21 ,SFI,SFI & KKKK !! ; otherwise, for 1,SF2,SF KK ! , the condition (18) can be 
also verified if the following relation is satisfied: 
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This equation leads to a simple link between the co-combustion fuels ratio 12 F/F , the SF reference efficiencies 
and a minimum first law conversion efficiency value min_IK , required to have energy convenience (i.e., 0SI t ). This 
link is shown, for two different reference SF efficiency cases, in Fig. 5, corresponding to typical biomass and coal 
reference plants, respectively with high and low combustion technology level, according to the values reported in 
Table 1, where fuel 1F  represents biomass and 2F  represents coal. This figure clearly shows that the convenience of 
the co-combustion plant is linked to the choice of the reference scenarios. In other words, the graph shows that, to 
have convenience (i.e. a synergic effect) the first law efficiency of the co-combustion MF system must be higher 
than the weighted average of the two SF systems efficiency, using as weights the input fuel energy terms.  
Finally, in this co-combustion case the global convenience condition  can be linked to the relative Synergy 
Index of each single fuel as follows:  
   222210 ,SF,SF,SF SIF/EEESI K!!!         (20) 
0!SI
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 111120 ,SF,SF,SF SIF/EEESI K!!!        (21) 
 
These two conditions basically affirm that in the co-combustion plant both fuels are exploited better than in the two 
reference SF plants. Thus, the condition of relative Synergy Index for each fuel entering the MF system higher than 
the corresponding SF system efficiency, is equivalent to have global MF convenience in terms of total output energy.  
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Fig. 5 min total efficiency to have SI=0 for a biomass-coal typical co-combustion power plant vs  211 FF/F  . 
 
Table 2 shows numerical data of three co-combustion cases (corresponding points A, B and C shown in Fig. 5) of 
biomass with coal used in the same power plant, with given size and first law efficiency; two MF cases (A & B) 
show synergy convenience and one (C) is not convenient. Due to inconvenience of case C ( 0SI  ), the evaluation 
of relative synergy indexes and output allocation approach #2 result not meaningful in this case.   
Table 2 example of MF co-combustion performance. 
MF size & 
efficiency 
E [MW] 100 
IK  33.3% 
SF ref. efficiency 
1,SFK  20% (biomass) 
2,SFK  35% (coal) 
co-comb. MF 
performance data 
cases A B C 
F1 [MW] 100 50 10 
F2 [MW] 200 250 290 
0!SI  OK OK NO 
SI1 0.30 0.25 - 
SI2 0.40 0.36 - 
Approach #1 
E1 [MW] 33.3 16.7 3.3 
E2 [MW] 66.7 83.3 96.7 
Approach #2 
E1 [MW] 27.3 12.2 - 
E2 [MW] 72.7 87.8 - 
 
Convenience of co-combustion is strictly related to the ratio between the two fuels and the different reference 
conversion efficiencies. The contribution of each input fuel to the total output is calculated according to the two 
above introduced approaches. In particular, using Approach #1 and #2, the following expressions are obtained: 
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Approach #1: 
21
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EE         (22) 
 
Approach #2: 
2211
11
1 SIFSIF
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EE 
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2211
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EE 
      (23) 
 
The obtained results show that by adopting Approach #2, the relative contribution to the total output of fuel  
(biomass, which is characterized by a lower SF conversion efficiency) decreases in comparison with Approach #1. 
 
4.  Conclusions 
In this paper, few proposals have been introduced with the aim to evaluate performance of a MF system and to 
quantify the contribution of each input fuel to the system output.  In particular, the concept of relative synergy index 
expresses the benefit of each input fuel in the MF system, by excluding the effects of all the other fuels; in 
comparison with a reference scenario. On the other hand, the global MF synergy index evaluates the overall 
performance, giving information about the synergy effect of all the input fuels. The proposed indexes allow (i) to 
investigate which is the best way to measure the MF integrated system conversion efficiency; (ii) to measure the 
benefit of the integration in comparison with the SF scenario; (iii) to establish a criterion for the selection of the best 
configuration of integrated MF systems, for example when various integrated plant layouts have to be compared. 
Moreover, two different approaches are discussed in order to allocate the useful output to each input fuel. The 
introduced efficiency indexes have been applied and discussed to a specific co-combustion power plant case. It has 
been highlighted that the convenience of the co-combustion case is linked to the choice of the reference scenario. 
Beside co-combustion, the introduced performance assessment methodologies can be also applied in case of topper-
bottomer integrated hybrid MF energy systems. 
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